Introduction
In general, microjoining within electronics packages can be classified into three types: wire bonding (WB), tape automated bonding (TAB), and flip chip bonding (FCB) [1] . TAB was an excellent technology as a tape carrier method for surface mount assemblies. Many papers on TAB were published from the 1980 s to the 1990 s [2] [3] [4] [5] but were seldom published after the 2000 s due to the demand for three-dimensional (3D) assembly [6] ; moreover, the tape carrier method has evolved to chip-on-film [7] . As the number of interconnects within large-scale integration (LSI) packages increases, FCB becomes necessary as a gang bonding for 3D assembly [8] . WB has been used because of its flexibility for circuit design within the package. Au (or Cu) wires are used for balland-stich bonding [1, 9, 10] . Cu wires are used more often because of their low cost [11, 12] . Al wires are used for wedge bonding [13] [14] [15] . In 2008, Al ribbon bonding began to be used for the power-electronics packaging of hybrid vehicles; e.g., insulated gate bipolar transistor modules [16] . Al wire bonding and Al ribbon bonding are carried out at room temperature, although the bonding area is heated up by the interfacial friction slip caused by ultrasonic vibration [17] . Ultrasonic bonding (UB), being a dry process, does not require a flux or adhesive. Thus, UB makes it possible to bond dissimilar metals directly and in a short time (a few tens of ms). Low-temperature microjoining will become more indispensable for supporting the next generation of electronics packaging [16, [18] [19] [20] . It is, however, very difficult to comprehend the UB mechanisms because of the short time required for bonding.
Many numerical studies have been reported for gold ball bonding [21] , wire bonding [22] [23] [24] [25] [26] , bump bonding [18, 27] and TAB [1, 28] to quantitatively understand the plastic deformation of the wire (or bump and TAB leads), stress conditions during bonding, and interfacial intimate contact process between the wire and pad. The boundary conditions in numerical simulations have a large influence on the numerical results. Experimentally determined boundary conditions are the key to numerical studies; however, those conditions are often unknown and assumed in the numerical studies. We cannot analyze friction-slip behaviors at the bonding interface by assuming the friction coefficient, because the friction coefficient is related to the interfacial adhesion behavior. Simulating self-consistent friction behaviors during ultrasonic bonding is very difficult and has not been carried out; i.e., the interfacial bonding behavior cannot be clarified only by numerical calculations. Therefore, the friction-slip behavior should be argued more, based on experimental observations. It is also very important to discuss the bonding mechanisms from the viewpoint of similar or dissimilar materials. The interfacial adhesion process is different between the joining of similar and dissimilar materials. Surface oxide films are not so influential in the joining between an Au wire (or bump) and Au pad (or land), compared with Au/Al joining and Al/Al joining. Interfacial cohesion in Au/Au joining tends to be formed more easily than that of Al/Al bonding. The friction slip in Au/Au joining is restricted by the cohesion, which limits the frictional heat generation. Therefore, the softening effect due to friction heating during bonding is not expected. Hence, the bonding interface must be heated from externally. The bonding stage or the bonding tool is usually heated and then the bonding method is called "thermosonic bonding." Because of this heating, intermetallic compounds ((IMCs) or alloys) are produced by the metal reaction between dissimilar materials, for example, between an Au ball and Al pad just after a bond formation, although Ag-Cu bonding does not form any IMCs because of phase separation [29] . Friction slip is restrained by the alloy formation. If the frictional slip is restricted, the ultrasonic vibration enhances the plastic deformation; however, the vibration amplitude decreases [18] . IMC or alloy formation renders the friction slip behaviors complex. Microsensor measurements are very useful to analyze the friction slip behavior during the thermosonic bonding of the Au ball to the Al pad [10, 30] . It is, however, very difficult to experimentally clarify the role of friction slip and plastic deformation on the bond formation. The effect of friction slip and plastic deformation on the bond formation has not been understood sufficiently.
Numerical analyses have suggested that the interfacial plastic deformation and the folding phenomenon of the side surface of an Au ball (or Au bump) to an electric pad are very important for bond formation [18, 21, 31] . In addition, the bonding process between the Au ball and Al pad can be analyzed by observing the alloy formation between Au and Al [10, 32, 33] . Many experimental studies [32] [33] [34] suggest that an embryo of interfacial adhesion forms as a small island and the islands grow and combine with each other, achieving an all-bonding area. The growth process of bond islands must be related to both the friction slip and plastic deformation; however, the relationship has not been discussed sufficiently in literature. The growth process should be argued more from a point of view of microjoining mechanisms; i.e., the contribution of fundamental microjoining mechanisms (frictional slip and plastic deformation) to carry the growth process should be discussed. In the present paper, the common microjoining mechanisms are discussed based on experimental evidence of Au ball bonding and Au bump bonding.
It is also necessary to discuss the bonding mechanism from the point of view of the surface oxide film. A surface oxide film obstructs interfacial adhesion in the microjoining between the Al wire (or ribbon) and Al pad. In other words, a scrubbing (fragmentation) process of the surface oxide film is indispensable for metallic bond formation [26, [34] [35] [36] . This oxide-removing scrubbing can be facilitated by the friction slip due to ultrasonic vibration. The bond-formation in Al/Al UB needs the friction slip [14, 15] . Experimental results based on transmission electron microscopy observation suggest that there was no oxide film at the central bond area [14] . Friction slip scrubs (or wipes) the surface oxide film and subsequent contamination results in the formation of oxide debris [14, 34, 35] . In situ observations of the bonding interface are useful for understanding the friction slip. In the present paper, the bond formation and the friction slip behavior in Al wire (and ribbon) bonding to a silica substrate are discussed based on the in situ observations.
A surface oxide film on copper does not exist stably; therefore, palladium-coated Cu wires are used and a stable joining quality is achieved [37, 38] . Because of copper's hardness, the ultrasonic power and substrate temperature of Cu bonding needs to be higher than those of Au or Al bonding. In particular, as the ultrasonic power for Cu tape bonding needs to be higher than that for Al ribbon bonding, the friction slip facilitates mechanical mixing at the bond interface in Cu tape bonding, showing an abnormally bonded interface [39] . IMC (or alloy) formation mechanisms during Cu ball bonding to an Al pad [40] and after Cu bonding to an Al pad [41] were studied. These studies were based on transmission electron microscopy observations and did not discuss the relationship between the oxide-film fragmentation and the friction slip due to ultrasonic vibration. IMC formation in Cu/Al bonding is different from that of Au/Al bonding [42, 43] . The IMC formation processes are based on reaction diffusion after the initial bond formation at the bonding interface [44] . In addition, the reaction diffusion mechanism in Cu bonding is not as large as that of Au bonding [45] [46] [47] [48] . The initial bond formation must be controlled by the friction slip and plastic deformation [10, 14, 18, 27] . This idea holds in Cu bonding [45] [46] [47] [48] . The fundamental joining mechanism of Cu/Al and Cu/Cu ultrasonic bonding does not differ much from that of Au/Al and Al/Al bonding, respectively, although there exists a difference between similar and dissimilar materials.
A study that classified frictional slipping behaviors from the joint-fracture modes was reported [13] . It was suggested from the joint-fracture modes that the bond morphology changed from a doughnut bond to an all-over bond with increasing ultrasonic power (or bonding load). The doughnut bond was produced by microslip and the all-over bond was derived from gross slip. The transition from microslip to gross slip was related to the ultrasonic power and bonding load; however, the bonding progression (bond-growth process) with time was not made clear. The transition must be related to the slip-and-fold mechanism discussed in the present paper.
It is very important to understand the solid-state microjoining mechanisms for obtaining sound interconnects. In the present paper, after FCB is summarized, the solid-state ultrasonic bonding mechanisms are discussed. The bond-area growing behavior of an aluminum wire or an aluminum ribbon bonding is clarified based on experimental evidence from the point of view of frictional slipping and plastic deformation mechanisms. Common bonding mechanisms of similar and dissimilar materials for wire bonding and FCB are discussed based on experimental results. The purpose of the present paper is to elucidate the common microjoining mechanisms. Even if a new system integration is developed, the mechanism of solid-state microjoining will not change significantly; the fundamental mechanism will be the same. In Sec. 2, FCB will be summarized, because it is one of the more important techniques for 3D assembly [8] .
2 Flip Chip Bonding Figure 1 illustrates the fundamental flow of FCB. As can be seen in Fig. 1(a) , bump formation is carried out. Bumps for FCB are made of solder, Au microballs, Au-electroplated bumps, Au stud bumps, or Cu pillars by bumping technology [8, [49] [50] [51] . The connection (bonding process) is carried out as illustrated in Figs. 1(b) and 1(c). After bonding, the bonded area is sealed with resin, as illustrated in Fig. 1(d) . The bumps are usually formed on the integrated circuit (IC) chip, though occasionally they are formed on a substrate or a bare chip with electric pads. If the bump was made of solder, it is a type of liquid bonding (soldering), originally called "C4" (controlled collapse chip connection). If the bump was made of solder and metals (Cu or Au), it was called Transactions of the ASME "C2" (chip connection). C4 and C2 were developed in the 1990s, and from a morphological viewpoint, a type of FCB was derived from ball grid array (BGA) technology [7, 52] . Solder bumps are melted and solidified in the bonding process. C4 and C2 are types of reflow soldering and now have evolved, being used in various packages [8, [53] [54] [55] [56] . Nowadays, the sealing in Fig. 1(d) is carried out simultaneously with an interconnect formation by using various types of underfill (UF); e.g., nonconductive film or nonconductive paste. Especially, the simultaneous sealing by UF is very important in 3D assembly [8, 50, 51] . Cu pillars are applied to a 3D assembly of LSI [8, 50, 51] . They are connected to through-silicon via and covered with solder bumps. FCB of Cu pillars with solder bumps is a type of liquid bonding (soldering), but the bonding style is thermocompression bonding (TCB) because the UF of nonconductive film (or nonconductive paste) needs to be pressed and pushed aside by the bonding tool before achieving the interconnection between the solder bumps and electric pads.
Many FCB methods were developed, including reaction diffusion liquid bonding [57, 58] , resin adhesion [59] , and solid-state methods, such as UB [32, 33, [60] [61] [62] and TCB [63] . In the liquid bump bonding, a transient liquid phase and an IMC phase are formed by reaction diffusion [57] . Once the IMC is formed by isothermal solidification due to the reaction diffusion, the IMC area does not melt at the bonding temperature. Coupling Au stud bumps with conductive adhesive containing Ag fillers was also applied to FCB [59] . The adhesive process required bump leveling and thermal curing after connecting between the bumps and the electric pads. The curing is necessary for reducing the residual (thermal) stress produced during the bonding process.
An electroplating method (Ni-B film) was also developed as a new FCB method [64] . Further, an ultraprecision cutting method was applied to FCB [65] . Once the cut surfaces of Au bumps were mated, some metallic bonds were formed at the mated interfaces due to the very flat Au surfaces, in spite of the "in air" bonding. The bonding temperature was less than 573 K, while the bonding pressure was 90-150 MPa. However, the ultraprecision cutting method cannot be applied to FCB between Au bumps and Al pads, because a strong surface oxide film exists on the Al pads. In general, ultrasonic vibration is applied to the solid-state FCB between the Au bumps and Al pads [32, 33] . The temperature of the bonding stage is less than 473 K, which is lower than general soldering temperatures [53] . FCB should be a low-temperature bonding process. Ultrasonic vibration makes it possible to bond Au bumps to Al pads. In addition, ultrasonic vibration can decrease the bonding temperature and the bonding pressure. In other words, UB makes it possible to perform low-temperature bonding easily in air [22, 66, 67] . It is also reported that ultrasonic vibration facilitates reaction diffusion in the FCB of an Au bump to an Al pad by increasing the dislocation density around the bonding interface [68] . This implies a heavy plastic deformation of the Au-bump.
Flip chip bonding technology is not only applied to the interconnect formation of a 3D assembly of LSI [50, 51] but also to that of optical devices such as light-emitting diodes [69] [70] [71] [72] [73] . FCB can be a useful technology for camera module assembly [74] , low-power applications [75] , and system-in-packaging [76] . New methods [77] [78] [79] , such as bumpless bonding and surface-activated bonding are also proposed for high-density 3D advanced packaging. FCB will be a very important technology in 3D advanced packaging. Compression methods are usually adopted regardless of solder or solid-phase (Au, Cu) bumps, because some bonding pressure is necessary for the FCB of gang bonding.
In Sec. 3, thermosonic (heating þ ultrasonic vibration; a thermocompression method with ultrasonic vibration) gold bump bonding is discussed for understanding the role of friction slip and the softening effect of ultrasonic vibration.
Thermosonic Au Bump Bonding
Thermosonic Au bump bonding is a low-temperature state FCB applied to interconnect formation of LSI [8, 50, 51] and lightemitting diodes [69] [70] [71] [72] [73] . Au bumps are formed by Au ball bonding, or made of micro balls [49] and Au-plated bumps. The bump leveling is necessary to make the height of the bumps uniform. Ultrasonic vibration creates direct metallic bonds between the Au bumps and the Al electric pads, even if the bonding is carried out in air at low temperatures. Ultrasonic vibration can break an oxide surface film on the Al pads. In other words, friction slip is necessary for obtaining metallic bonds between mated surfaces of Au bumps and Al pads. In addition, ultrasonic vibration facilitates bump deformation [18] . The metallic bonds have to be controlled by the friction slip and the bump deformation. In the present study, the fundamental bonding mechanism during thermosonic bonding between Au bumps and Al pads was investigated. This leads to optimization of the bonding conditions and is necessary for environmentally conscious (ECO) electronics packaging [16] . Table 1 . The specifications of the Si chip are shown in Table 2 . Al pads were vacuum-deposited under a pressure of 0.5 Â 10 À3 Pa. The pads contained the Si and Cu in order to prevent oxide film growth on the Al pad during FCB and to increase the high-temperature reliability of the Al pads. The bump shape after bump leveling on the Au pad is shown in Fig. 2 . The diameters of the upper and lower sides of the Au bumps were $60 lm and $90 lm, respectively. The bump height was $30 lm. Au bump bonding in the present study was a four-point gang bonding. The four top surfaces of the Au bumps were connected to the Al pads on the Si chip. The bonding temperature was supplied by heating the bonding stage. The substrate of the 42-alloy plate was set on the bonding stage. Figure 3(a) illustrates the position (side view) of the bonding tool, the Si chip, the Au bumps, and the substrate. The substrate temperature, T sub , was calibrated from the stage temperature, T stage . T sub , and T stage were measured by using K-type thermocouples. The relationship between T sub and T stage is given by T sub ¼ 0.882 T stage þ 34.4 from the calibration, when the room temperature was 293 K; i.e., when T stage ¼ 423 K, T sub ¼ 407 K. The bonding force (load), F, was 0.1-1.0 N/bump. The bonding force was linearly increased (ramped), perpendicular to the top surface of the Si chip before inputting ultrasonic vibration, as shown in Fig. 3(b) . The ultrasonic vibration was applied, parallel to the upper surface of the Si chip. The bonding force was kept constant, while the ultrasonic vibration was applied. The ultrasonic frequency, f v , was 60 kHz, and the ultrasonic power was varied from 10 to 500 mW. The stage temperature, T stage , was kept at 423 K. This is a low temperature when compared with solder bump bonding conditions of 473-573 K [80] . Figure 3(b) shows the changes in the bonding force, F, and the ultrasonic power, W us , with time, t. The vibration behavior of the Si chip was measured by a laser Doppler vibrometer made by Polytec. After bonding, the Si chips were removed from the Au bumps on the substrate using a 10% hydrochloric acid solution which etched the Al pads. The IMC (or Al/Au alloy) reaction layer remained at the bonded surface of the Au bumps. The bonded surfaces were observed by scanning electron microscope (SEM) and optical microscope. The alloy reaction was analyzed by energy-dispersive X-ray spectroscopy.
3.2 Prior Consideration. Figure 4 (a) illustrates the cross section of the Au bump set in position. As illustrated in Fig. 4 , if the ultrasonic vibration is applied, the Au bump deforms and
sides of the Au bump are folded into the Al and Au pads, respectively, as seen in Fig. 4(b) [16, 81] . The folding of the upper side is larger than that of the lower side. The central and peripheral areas are indicated in Fig. 4(b) . Lack of friction slip (or too small microslip) allows for no metallic adhesion at the central area. Lack of metallic adhesion was examined by whether or not the Al-Au reaction phase was observed after bonding. The bond (or intimate contact) at the peripheral area needs the lateral surface's folding to the Al pad [18, 81] . The lateral surface expands when it folds to the Al pad as reported elsewhere [22, 23, 25] . Then, the oxide surface film on the Al pad is broken and some metallic bond can be obtained. The Al-Au reaction layer can be obtained at the peripheral area after bonding. Because Al pads are soluble in dilute hydrochloric acid, the Si chip can be separated from the Au bumps after bonding. As Au bumps and Al-Au metallic compounds are not soluble in hydrochloric acid, they can be observed after removing Al pads. The compression ratio of the bump deformation was measured. The compression ratio is defined by DH/H o , where H o is the initial bump height and DH is the bump height reduction due to bump deformation. These parameters are indicated in Fig. 4 . The names of the parts are also defined in Fig. 4. 3.3 Results and Discussion. Microfriction slip occurs at the bonding interface [30, 31] . It is suggested from previous numerical simulations [18, 31] that, if the friction slip occurs at the central area, the central area shrinks slightly, because a high compressive stress is produced in the front direction of the ultrasonic vibration; i.e., the central area hardly extends [18, 22] . The growth of the bond area is primarily produced by folding, as shown in Fig. 4 . The folding of the lateral surface is enhanced by the ultrasonic vibration, because the vibration dramatically increases the equivalent stress, making deformation of the Au bump easier [18] . This is the softening effect of the ultrasonic vibration [27] . Ultrasonic vibration also heats the bonding area and produces another softening effect, but this is not so striking in Au wire or Au bump Table 2 bonding, because the friction slip is not so large. Thus, the bonding stage is usually heated from the outside in thermosonic bonding. However, the bond formation at the central area needs some friction slip. In other words, a lack of friction slip causes no metallic bonds within the central area. Figure 5 shows the experimental results of the Au bump bonding. Figure 5(a) is under the conditions of a high bonding force (F FCB ¼ 1.0 N/bump) and a high ultrasonic power (W US ¼ 300 mW). On the other hands, Fig. 5(b) is under the conditions of a low bonding force (F FCB ¼ 0.43 N/bump) and a low ultrasonic power (W US ¼ 50 mW). Other condition details are provided in the caption of Fig. 5 . These SEM photos show the appearance of the top surfaces of the Au bumps after etching the Al pad with 10% hydrochloric acid solution. The dark brown area is made of IMC or an Al-Au alloy layer (mainly, an Al-Au solid solution phase). White dotted circles express the initial diameter ($60 lm) of the Au bump. In Fig. 5(a) , the blackish brown area is observed out of the initial diameter zone (peripheral area). The metallic alloy of blackish brown is not much observed in the central area. The folding amount is somewhat larger in the direction of the ultrasonic vibration. Figure 5 (a) suggests that friction slip did not occur well at the central area, although the ultrasonic power was 300 mW. The ultrasonic vibration only facilitated the bump deformation. The compression ratio, DH/H o ¼ 35.9%, was attained for t ¼ 300 ms, where t is the duration for which the ultrasonic vibration was applied.
On the other hand, in Fig. 5(b) under the conditions of a low bonding force and a low ultrasonic power, many Al-Au metallic islands are observed at the central area inside of the white dotted circle. It is suggested that friction slip occurred at the central area during bonding. Friction slip makes it easy to mix Al and Au atoms, and Al-Au-alloy islands (solid solution) were obtained even for the short time of 100 ms and the low temperature of T sub ¼ 407 K. The folding did not occur so much under the condition of Fig. 5(b) . The friction slip occurs predominantly rather than the bump deformation, but once the metallic reaction was formed by the friction slip, the folding occurred, increasing the contact diameter from $63 lm (at t ¼ 100 ms) to $71 lm (at t ¼ 300 ms) and the compression ratio of DH/H o ¼ 10.7% was attained for t ¼ 300 ms. The ramp force before inputting ultrasonic power was necessary for obtaining a stable bonding process. The ultrasonic amplitude of the Si chip was less than 250 nm, according to laser Doppler measurement. The friction slip between the Au bump and the Al pad has just small amplitudes ranging from a few tens to hundreds of nm. It was found that the friction slip occurred even under the conditions of a low bonding pressure and a low ultrasonic vibration. The idea of a "slip-and-fold" mechanism is very important for attaining good metallic bonds of both the central and peripheral areas [14, 16, 18, 81] and for obtaining a sound interconnects in electronic packages. An adequate bonding condition gives an alloy reaction at the full contact area [33] . Advanced Au bump bonding has been developed [60] [61] [62] , for which the idea of a slip-and-fold mechanism is important.
Au Wire (Ball) Bonding
It was reported in the 1970 s and 1980 s that a sound bond was not obtained at the central area in wire bonding [82] . The reason is due to a lack of friction slip at the central area [9, 18] . The idea of a slip-and-fold mechanism is helpful for understanding Au ball bonding [10, 21, 30, 83] , as well as copper wire bonding [84] [85] [86] and Al wire bonding [14] . Al pad splash is derived from the slipping and folding of the ball. The splash can be restricted by the adequate bonding condition. In this section, the slip-and-fold mechanism in Au ball bonding is discussed.
Experimental Procedures for Au Ball Bonding.
The chemical composition of the Au wire (diameter: 25 lm) is shown in Table 1 . An Au ball with an initial diameter of 80 lm was formed by arc discharge. The Au ball was bonded to an Al Pad on a Si chip (cf. Table 2 ). An impact bonding force provided an large deformation of the Au ball [10] . In order to prevent an impact force, the bonding force, F WB , was prepressed by a ramp force (0.005-0.2 N/ms) to designated values after which the ultrasound was inputted. F WB was changed from 0.25 to 0.95 N. T stage was 353 K or 423 K. The ultrasonic frequency was 60 kHz. TCB without ultrasonic vibration was also carried out at T stage ¼ 523 K to understand the difference in interfacial reactions between thermosonic and thermocompression bonding. SEM and energydispersive X-ray spectroscopy observations were carried out in similar manner to those mentioned in Sec. 3.1.
In the bonding tests, the time immediately after the initial ramp force was defined by t ¼ þ0 s, and the bonding (dwell) time, t, was defined as the duration of time over which both the ultrasound and bonding force were applied. The height, H o , of the ball was defined as the diameter of the free air ball (80 lm). The height, H, was given by the distance from the bottom to the top of the deformed Au ball. The top position was defined by the head of the capillary tip. The capillary tip was made by Gaiser (No. 1572-15 ). Figure 6 shows the side views of the Au balls deformed only by the ramp force before ultrasonic vibration was applied. Figure 6(a) is for the designated value of F WB ¼ 0.95 N and Fig. 6(b) is for F WB ¼ 0.25 N. The ball height, H, and the mean contact diameter, X, are shown in Fig. 6 . The initial prepress was provided by ramp force. The prepressing can deform the Au ball, but any alloy reaction area was not observed because of the low temperature of T stage ¼ 353 K. (The test chip was at $345 K.) At 345 K, the duration of the application of the ramp force was too short (less than 50 ms) to produce an alloy reaction. Figure 7 shows the photos (bottom sides) of the mashed Au ball after etching the Al pads under the conditions of a high bonding force (F WB ¼ 0.95 N) and a low ultrasonic power (W US ¼ 20 mW). As seen in Fig. 7 , the alloy reaction area of white-gray color increases from the central area to the folded area with time; then, the alloy reaction area appears as "islands" whose lengths are oriented along the direction of ultrasonic vibration. Such a long shape is different from that of FCB. The ultrasonic vibration has a large influence on the shape of the islands. The color of the island is affected by the bonding temperature and the ultrasonic power. The surface appearance after etching of the Al pads is different, but a detailed reason is not known. When the ultrasonic power decreased, the reaction area is smaller. This is often observed in ultrasonic bonding [33] . The fretting phenomena due to surface waviness may be one of the causes of long reaction islands. The reaction area is not formed uniformly because the slip mechanism is not so simple [30, 87] . The stick-and-slip repeats locally in an intimate contact area. The central area bond is produced mainly by complex friction slip. The contact area increased primarily by the side surface folding of the Au ball [18, 23, 25] . Figure 8 shows the photos (bottom sides) of the Au ball deformed under the conditions of a low bonding force (F WB ¼ 0.25 N) and a high ultrasonic power (W US ¼ 80 mW). The alloy reaction at the central area is made clearer under these conditions; i.e., the central bond needs the friction slip but there are no reaction islands at the folded peripheral area. If the bonding temperature increases or ultrasonic frequency should be somewhere near up 110 kHz [10] , a peripheral reaction bond can be obtained. Control of the ramp force and the ultrasonic power is important as a key technology for the peripheral bond, as well as for FCB. Figure 9 shows the result of the thermocompression bonding (T stage ¼ 523 K). The white dimpled area corresponds to the alloy reaction area, with the overall area presenting a doughnut shape [82] . The central area has no alloy reaction. A thermocompression bond becomes possible as the bonding temperature increases, but the central bond is not so easily obtained [35] , as seen in Fig. 9 .
Results and Discussion.
In addition, in ultrasonic bonding, as the bonding force increases, a doughnut bond is formed [13, 82] . In other words, the friction slip mechanism is necessary for a bond at the central area at low temperatures. If the slipping is reduced at the central area by increasing the bonding force, the interfacial shear stress increases and then folding can occur. The side surface of the Au ball expanded when the Au ball was folded to the Al pad [22, 23, 25] . If the surface oxide of the Al pad is broken, a peripheral bond can be obtained [13, 25, 88] . Of course, some slip occurs in the peripheral area to help the oxide film break. If the soft Al pad thickens and easily expands, then the central area can be bonded, because the surface expansion mode changes [88] . The Al pad used in the present study contained Si and Cu, and was harder than a pure Al pad. It is not so easy for an Al-Si-Cu pad to obtain the central bond area without friction slip. As the bonding temperature increases to 673 K, an alloy reaction occurs easily [42, 43, 89] , but a thick reaction layer implies over-bonding. Figure 10 illustrates the growing process of the alloy reaction area by the slip-and-fold mechanism between the Au ball and the Al pad. Figure 10 shows the situation when the Al pad is hard and does not deform easily. The friction slip at the central area should be produced in the early stage of bonding so that the central area bond can be formed. Because friction slip is necessary for the central area bond in the early stage of bonding, the bonding force in the early stage should be lower than that of the later stage, but too low of a bonding force is bad, as ultrasonic vibration becomes unstable. If some adhesion is achieved at the central area by microfriction slip, then the interface is constrained and the equivalent stress within the Au ball is enhanced by the ultrasonic vibration, resulting in a large deformation of the Au ball. The Au ball is then mashed. This is the slip-and-fold mechanism of Au ball bonding. The softening effect of the ultrasound on the Au ball deformation can be explained by the slip-and-fold mechanism. Some ramp force is often applied in the actual bonding during ultrasonic vibration, so that the slip-and-folding mechanism can work well to obtain better adhesion. This is one of the key technologies for controlling the bonding process.
Al Ultrasonic Bonding
Al ultrasonic bonding has been applied to ECO electronics packaging [16, 18, 90] . An Al fine wire with a diameter of 25 lm [91, 92] , an Al thick wire with a diameter of 300 lm [14] [15] [16] [93] [94] [95] and an Al ribbon with a width of 1-2 mm [17, 36, [95] [96] [97] have all been used in Al ultrasonic bonding. The Al ultrasonic bonding is necessary in power electronic packaging to upgrade energy devices, vehicles, and so on. Al wire and Al ribbon ultrasonic bonding mechanisms are, therefore, discussed to understand the difference in the slip-and-fold mechanism between wires and ribbons. Several studies on Al thick-wire bonding [15, 16, 95] and Al ribbon bonding [17, [95] [96] [97] [98] were previously conducted. The experimental procedures may be found in the relevant references [15, [95] [96] [97] [98] [99] , but are summarized here. Al wire and Al ribbon were bonded directly with a transparent silica plate for in situ observation of the bonded interface. The diameter of the Al wire was 300 lm. The width and thickness of the Al ribbon were 1 mm and 200 lm, respectively. The bonding stage was not heated, but the bonded interface was heated (to $373 K) by ultrasonic friction slip [17] . The ultrasonic frequency for both bonding methods was 60 kHz. The bond interface was observed by highspeed video camera with a frame rate of 1000 fps. The frame rate might not be enough to observe bond islands; however, the folding process was observed. The frame rate needs to be greater than 10000 fps for precisely observing the friction-slip behaviors [100] [101] [102] . Figure 11 illustrates the in situ observation. The ultrasonic vibration direction is normal to the sheet. Figure 11 Figure 12 shows photos of the change in shape of the contact area during Al wire ultrasonic bonding [15, 16] . Figure 13 illustrates the change in the contact area with time for making the contact area clear. No islands were observed. Even if the bonding load was applied, the contact area was narrow before ultrasonic vibration was applied, as seen in Fig. 12(b) . Once the ultrasonic vibration was applied, the contact area increased rapidly. The lateral surface of the wire was folded to the silica substrate. The folding occurred in the direction normal to the ultrasonic vibration. According to the in situ observation, the friction slip occurred largely in the initial stage (0-10 ms) and decreased, but did not stop. This was also suggested by the laser Doppler measurement [15] . The decrease (fretting) of frictional slip enhanced the equivalent stress around the bonded area, facilitating the folding of the Al lateral surface, resulting in an increase in the bonded area. This is the slip-and-fold mechanism of Al wire bonding.
On the other hand, the ribbon bonding exhibited a different mode [98] . The detailed measurements regarding vibration, displacement, and contact interface growth have been reported in a previous paper [96, 98, 101] . Only the result of the growth process of the bond area is discussed here. Figure 14 shows the change in shape and the appearance of the bonded area during Al ribbon bonding [95, 98, 99] . As seen in Fig.   Fig. 9 Appearance of an Au ball mashed by TCB without ultrasonic vibration. The bonding condition was T stage 5 523 K, 14(b), the initial contact area is not observed clearly by the bonding force alone. The ribbon shook significantly immediately after introducing the ultrasonic vibration, as implied by Fig. 14(c) ; then, numerous stripes (narrow islands) are observed, parallel to the ultrasonic vibration direction, as seen in Fig. 14(d) , and are combined with one another, as seen in Fig. 14(e) . The bonding behaviors from Figs. 14(c)-14(e) are derived from friction slip. In that stage, the width of the ribbon increased slightly but the bonded area grows primarily in the longitudinal direction of the ribbon. The contact area growth was obtained by folding the ribbon surface. After that, as seen in Fig. 14(f) , the central area demonstrates a strong boned zone, which grew gradually in the direction of the ultrasonic vibration as seen in Figs. 14(g) and 14(h). After removing the bonding force, the bonded area remained as seen in Fig. 14(i) . Figure 15 illustrates the growth process of the contact area. In Fig. 15 , each gray area is distinguished. At first, the gray area A is formed by friction slip as seen in Fig. 15(a) and the central area begins to appear as dark gray; i.e., the central area becomes the strong bond area of gray area B, as illustrated in Fig. 15(b) .
Simultaneously, the interfacial shear stress is enhanced as reported in Refs. [96] and [101] . This means the increase of friction power [87] . Then, gray area A grows mainly in the direction of the ultrasonic vibration by ribbon side surface folding as seen in Figs. 15(c) and 15(d) . The central area becomes darker (gray area C). The mode of the bond area growth process is different between the wire and the ribbon. Figure 16 illustrates the differences. The main differences exist in the directions of surface folding and contact area growing. In the ribbon bonding of Fig. 16(a) , folding and contact growth are produced in the longitudinal direction of the ribbon. On the other hand, in the wire bonding of Fig. 16(b) , they are normal to the longitudinal direction of the wire. As mentioned earlier, the slip-andfold mechanism is very important for understanding the difference in the bond growth modes in ultrasonic bonding.
Conclusions
In this paper, microjoining processes used in electronics packaging were discussed. The principles and applications of FCB Fig. 12 Experimental results of the in situ observation during Al WB. Al wire was bonded to a transparent SiO 2 plate under the bonding conditions of F WB 5 3.0 N and W US 5 1.0 W. The diameter of the Al wire was 300 lm: (a) before bonding (unloaded), (b) when only the initial force was applied, (c) t 5 50 ms, and (d) when the bonding force was still applied after ultrasonic vibration was stopped. Fig. 13 Schematic illustrations of the change in shape of the contact area during the UB of the Al thick wire to clarify how intimate contact area increases: (a) when bonding load is just applied, (b) the contact area increases by application of ultrasonic vibration, and (c) the contact area increases more by a slip-and-fold mechanism Fig. 14 Experimental results of the in situ observation during Al ribbon bonding. An Al ribbon was bonded to a transparent SiO 2 plate under the bonding conditions of F RB 5 7.0 N and W US 5 4.0 W. The thickness and width of the Al ribbon were 300 lm and 1 mm, respectively: (a) initial position was setup before bonding (unloaded), (b) when only the bonding force was applied, (c) the ultrasonic vibration was applied for t 5 1 ms and (d) 10 ms, (e) 16 ms, (f) 50 ms, (g) 100 ms, (h) when the bonding force was still applied after the cessation of ultrasonic vibration, and (i) after the bonding force was removed. Fig. 15 Schematic illustrations of the change in shape of the contact area during the UB of the Al ribbon to clarify the intimate contact area change: (a) the initial stage of bonding immediately after the ultrasonic vibration was applied, (b) the contact area increased by the application of ultrasonic vibration, the central area became dark gray (gray area B) and gray area A increased along the longitudinal direction of the ribbon, (c) gray area B widened but gray area A did not, and (d) gray area B still widened becoming gray area C, and the central area bond became strong by a slip-and-fold mechanism were summarized. It was found that low-temperature solid-state bonding such as ultrasonic bonding is indispensable for electronics packaging, which should be innovated for downsizing and upgrading ECO products such as computers, mobile phones, and vehicle power units. Downsizing and upgrading are necessary to meet the demands for higher density, higher performance, and more compactness. High reliability is required for the next generation of electronics assembly; i.e., innovations in microjoining techniques are required. Low-temperature solid-state bonding technologies are indispensable for creating environmentally benign products. It is very important to comprehend the bonding mechanisms in order to maintain a high reliability. The conclusion can be summarized as follows:
(1) Flip chip bonding is advantageous for chip-scale packages and 3D multi-stack electronics assembly. (2) In thermosonic bump bonding, ultrasonic vibration facilitates bump deformation and microfriction slip. The ultrasonic power and the bonding force should not be enlarged recklessly. The bond at the central area cannot be achieved due to the lack of microfriction slip. formed and the bonded area grows in the direction normal to the ultrasonic vibration by a slip-and-fold mechanism. (6) In Al ribbon bonding, the long and fine bond islands are formed at first and combined with each other. The folding is produced in the longitudinal direction of the ribbon. (7) It is very important to understand the slip-and-fold mechanism of ultrasonic bonding so that a good bonding condition can be selected. (8) The slip-and-fold mechanism is a common bonding mechanism of solid-state microjoining used in electronics packaging, although the slip-and-fold mode differs in each bonding process. 
